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Protein kinases are dynamic molecular switches that sample
multiple conformational states. The regulatory subunit of PKA
harbors two cAMP-binding domains [cyclic nucleotide-binding
(CNB) domains] that oscillate between inactive and active confor-
mations dependent on cAMP binding. The cooperative binding of
cAMP to the CNB domains activates an allosteric interaction net-
work that enables PKA to progress from the inactive to active
conformation, unleashing the activity of the catalytic subunit. De-
spite its importance in the regulation of many biological processes,
the molecular mechanism responsible for the observed coopera-
tivity during the activation of PKA remains unclear. Here, we use
optical tweezers to probe the folding cooperativity and energetics
of domain communication between the cAMP-binding domains in
the apo state and bound to the catalytic subunit. Our study pro-
vides direct evidence of a switch in the folding-energy landscape
of the two CNB domains from energetically independent in the
apo state to highly cooperative and energetically coupled in the
presence of the catalytic subunit. Moreover, we show that desta-
bilizing mutational effects in one CNB domain efficiently propa-
gate to the other and decrease the folding cooperativity between
them. Taken together, our results provide a thermodynamic foun-
dation for the conformational plasticity that enables protein ki-
nases to adapt and respond to signaling molecules.

kinase | cAMP | optical tweezers | allostery | single molecule

Protein kinases play a major role in the regulation of most
biological processes in eukaryotes, including cell growth and

development, metabolism, and signaling (1). These biological
processes have been associated with numerous human diseases and
have led to the emergence of kinases as major therapeutic drug
targets (2, 3). A well-characterized member of the kinase family is
PKA, a ubiquitous cAMP-responsive eukaryotic kinase that mod-
ulates protein function through targeted phosphorylation (4, 5).
In the cell, PKA exists as a heterotetramer composed of a

dimeric regulatory subunit and two monomeric catalytic sub-
units. The catalytic subunit has a small and a large lobe that form
an active site cleft (Fig. 1A). The regulatory subunit is composed
of an N-terminal flexible linker domain that contains the di-
merization domain (D/D), an inhibitory sequence (IS), and two
cyclic nucleotide-binding (CNB) domains, CNB-A and CNB-B,
that are connected by an extended α-helix known as the “αB/C
helix” (Fig. 1 A and B, shown in maroon) (4, 6).
Biochemical, structural, and biophysical studies have shown that

a PKA heterodimer (Fig. 1B, Left) composed of a single catalytic
and regulatory subunit displays functional cooperativity and
therefore is a significant component of the inactive hetero-
tetrameric complex (4, 5, 7–9). The crystal structure of the inactive
PKA heterodimer solved by Kim et al. (4) shows that the regu-
latory subunit is bound to the catalytic subunit via surface inter-
actions and through docking of the inhibitory sequence (shown in
orange in Fig. 1 A and B) into the active site of the catalytic
subunit. The surface interactions between the catalytic subunit and

the regulatory subunit are mediated predominately by the N3A
motif of the CNB-A domain (shown in teal in Fig. 1 A and B) and
the αB/C helix (shown in maroon in Fig. 1 A and B). In addition,
the end of the αB/C helix provides most of the interaction surface
between the CNB-B domain and the catalytic subunit.
Biochemical and mutational studies have shown that the acti-

vation of the PKA heterodimer starts with cAMP binding to the
CNB-B domain (4, 6, 10). This first binding event allosterically
triggers the cooperative binding of a second cAMP molecule to the
CNB-A domain, resulting in a large conformational change in the
regulatory subunit (Fig. 1B, Right). The structure of the PKA
heterodimer shows that the catalytic subunit blocks the cAMP-
binding pocket of the CNB-A domain, while the pocket in the
CNB-B domain remains solvent accessible. Although these struc-
tural data provide evidence for the role of the CNB-B domain as
the gatekeeper for the cAMP-dependent activation of PKA (4, 6),
the molecular mechanism and thermodynamic driving forces re-
sponsible for the allosteric communication between CNB domains
still remain unknown (7, 11, 12). To address this long-standing
question, we use single-molecule optical tweezers (13–16) to se-
lectively probe the folding cooperativity and extract the energetics
of domain communication between the CNB domains in the apo
state and bound to the catalytic subunit.
The results from this study show that the CNB domains in

the apo state behave as energetically independent structural
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elements. However, in the presence of the catalytic subunit the
CNB domains have strong cooperative interactions, are more
stable, and are in equilibrium between two conformations. The
cooperative behavior between CNB domains bound to the cata-
lytic subunit was quantified thermodynamically and revealed a
switch in the folding-energy landscape between the apo and bound
conformations. The energy landscape in the bound conformation
shows that the CNB-B domain serves as an energetic hub, con-
trolling the magnitude of interaction between the CNB-A domain
and the catalytic subunit. This result provides a thermodynamic
foundation for the gatekeeper function of the CNB-B domain.
Last, we demonstrate how destabilizing mutational effects in the
CNB-B domain are propagated to the CNB-A domain, causing
significant decoupling between the two domains when bound to
the catalytic subunit. Taken together, our study provides direct
experimental evidence for a thermodynamic switching mechanism
in the activation of a protein kinase complex.

Results
Assembly of the PKA Complex in the Optical Tweezers. We used
single-molecule optical tweezers (17–19) to study the folding
cooperativity between the CNB domains in the apo state or
bound to the catalytic subunit. In this assay, a monomeric,
cysteine-modified regulatory subunit that lacks the dimerization
domain (residues 71–379 of the full-length RIα isoform) (20) was
tethered between two beads using two 370-bp DNA handles (Fig.
1C). The handles were attached via disulfide bond linkages at
positions immediately flanking the two CNB domains (pulling
axis Y120/S376 shown in cyan in Fig. 1B). This experimental
design enabled us to manipulate the CNB domains selectively
without directly perturbing other structural elements in the
regulatory subunit, such as the N-terminal linker domain, the
inhibitory sequence, or the catalytic subunit in PKA. To assem-
ble the PKA heterodimer in the optical tweezers, we tethered a

single regulatory subunit and added in trans saturating amounts
of the catalytic subunit [100 nM in the chamber, Kd = 0.9 nm for
the assembly of the PKA heterotetramer (21)], ATP, and Mg2+

[0.2 mM and 1 mM, respectively, in the chamber, Kd = 39 nM
(22)]. We collected force–extension curves by moving the bead in
the optical trap away from and toward the bead fixed on the
micropipette using a constant pulling velocity of 75 nm/s at a
500-Hz sampling rate. Control experiments in bulk were per-
formed to ensure that the DNA handles cross-linked to the
regulatory subunit did not affect its interaction with the catalytic
subunit (i.e., formation of an inactive PKA heterodimer) or the
cAMP-dependent activation mechanism (SI Appendix, Fig. S1).

Mechanical Unfolding of the Regulatory Subunit in the Apo State. In
the apo state, the force–extension curves revealed two consecu-
tive unfolding transitions, or rips, that correspond to the me-
chanical denaturation of the CNB domains (Fig. 2A, Left). The
first rip had a change in contour length (ΔLc) of 50.3 ± 0.1 nm
(mean ± SE, n = 452) and a mean unfolding force of 9.1 ±
0.1 pN (Table 1). These values are very similar to those obtained
for the truncated CNB-B domain (SI Appendix, Fig. S2 A and C).
The second rip had a shorter ΔLc of 44.2 ± 0.1 nm occurring at a
statistically higher force of 10.5 ± 0.1 pN (kstest2, P < 0.01) that
matched the values obtained for the truncated CNB-A domain
(SI Appendix, Fig. S2 B and C). The agreement between the
truncated CNB domains and the first and second rip suggest that
the CNB domains in the regulatory subunit behave as in-
dependent structures. Interestingly, despite the small difference
in mean unfolding force between the two CNB domains, we
observed a strong bias in the unfolding pathway: The CNB-B
unfolds first in ∼90% of all trajectories, followed by the CNB-
A domain (SI Appendix, Fig. S2 D–F).
To assess whether our mechanical unfolding observations of the

regulatory subunit in the apo state were consistent with indepen-
dent and sequential unfolding events, we performed discrete time
Monte Carlo simulations (SI Appendix, Section 1.11 and Fig. S3 A–
D). Briefly, the CNB domains were treated as worm-like chains
that were covalently linked in series and tethered by 740 bp of
total DNA handles (similar to our experimental conditions). We
used the kinetic parameters obtained from unfolding force dis-
tributions for the apo CNB-A and CNB-B domains shown in
Table 1 to simulate individual force–extension curves. In agree-
ment with our experimental unfolding curves, simulations revealed
a two-step unfolding event representing the mechanical unfolding
of the CNB domains (SI Appendix, Fig. S3A), in which the CNB-B
unfolded first in ∼87% of the total trajectories (n = 2,000) (SI
Appendix, Fig. S3B) and at a mean unfolding force of 8.5 pN (SI
Appendix, Fig. S3C). The CNB-A domain unfolded at a slightly
higher average force of 11 pN (SI Appendix, Fig. S3C). We
therefore conclude that in the apo conformation the two CNB
domains behave as mechanically independent domains that unfold
in a sequential fashion so that the CNB-B domain unfolds first
(rip 1) followed by the CNB-A domain (rip 2).

Selective Force-Induced Denaturation of the Regulatory Subunit
Bound to the Catalytic Subunit. In the presence of the catalytic
subunit, the single-molecule trajectories of the CNB domains
revealed two clearly distinct unfolding pathways, labeled “I” and
“II” (Fig. 2A, Center and Right, n = 1,041). In unfolding pathway
I we observed two unfolding rips that occurred almost simulta-
neously and at forces higher than those seen in the apo state. The
simultaneous unfolding behavior of the CNB domains suggests
that the fold of these domains is highly cooperative when bound
to the catalytic subunit. The higher unfolding forces indicate that
both CNB domains establish significant surface interactions with
the catalytic subunit. For instance, the CNB-A domain experi-
ences an increase in its mean unfolding force from 10.5 ± 0.1 pN
in the apo state to 13.6 ± 0.1 pN when bound to the catalytic
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Fig. 1. Structure, domain organization, and optical tweezers assay to study
PKA. (A) Domain organization of PKA. The catalytic subunit has an N- and a
C-lobe that form an active-site cleft. The regulatory subunit has a modular
domain organization. The D/D (shown in grey) and the flexible linker do-
main (residues 71–110, shown in orange) contain the IS that mimics the
peptide substrate of the catalytic subunit. Two CNB domains, CNB-A (light
purple) and CNB-B (dark purple), are connected by the αB/C helix (maroon).
The N3A motif of the CNB-A domain is shown in teal. The cAMP-binding
pocket of each CNB domain is shown in yellow. (B, Left) The PKA complex is
shown in the inactive form in which the catalytic subunit (tan) is bound to
the regulatory subunit (light and dark purple). (Right) The binding of two
molecules of cAMP results in a conformational change in the regulatory
subunit (cAMP-bound form) and enables the release of the active catalytic
subunit (boxed in green). (C) Optical tweezers experimental set-up. The
regulatory subunit is tethered between two polystyrene beads by the at-
tachment of DNA handles at positions flanking the CNB domains (Y120/S376)
shown in cyan in B). The PKA complex is formed in trans with the catalytic
subunit, ATP, and Mg2+ present in the microfluidic chamber.
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subunit. Similarly, the CNB-B domain required a greater
unfolding force of 15.2 ± 0.1 pN when bound to the catalytic
subunit compared with 9.1 ± 0.1 pN in the apo state (Table 1). In
contrast to a highly cooperative unfolding trajectory, unfolding
pathway II resembles the apo state: The two CNB domains un-
fold independently of each other and at forces comparable to the
apo state (Fig. 2A), which indicates fewer surface interactions
with the catalytic subunit.
In addition to the effects seen in the unfolding trajectories, the

presence of the catalytic subunit exhibited clear refolding tran-

sitions at ∼4 pN for each CNB domain (Fig. 2A, Center and
Right, black and gray arrows). The probability of observing
refolding transitions for both pathways I and II increased
from <1% in the apo state to ∼30% in the presence of the
catalytic subunit. It is possible that events corresponding to
unfolding pathway II with no detected refolding transitions may
correspond to an apo state or to events where refolding transi-
tions are missed due to noise occurring at low forces. Nonethe-
less, the higher probability of observing the refolding transition
suggests that the catalytic subunit not only stabilizes the two
CNB domains in the folded state but also, after the protein
unfolds the same or another catalytic subunit, may assist in the
refolding process of the protein.

Mechanism of Unfolding of the Regulatory Subunit Bound to the
Catalytic Subunit. Analyses of the changes in contour length re-
veal that for both unfolding pathways I and II the CNB-B domain
unfolds first, followed by the CNB-A domain (n = 485) (SI Ap-
pendix, Fig. S2 G–I). We corroborated the domain assignment
experimentally by making a regulatory subunit construct with
DNA handles attached at position D149 and S379. This construct
is fully folded, binds cAMP similarly to wild-type protein, and
forms a stable inactive PKA heterodimer (SI Appendix, Fig. S4).
However, the new pulling position from residue D149 resulted in
a significantly shorter change in contour length (ΔLc) upon
unfolding for the CNB-A domain [calculated ΔLc = 34 nm from
the worm-like chain model (23)], thereby making it easier to
distinguish it from the CNB-B domain (calculated ΔLc = 50 nm).
In the presence of the catalytic subunit, the D149/S376 protein

construct displayed two clearly distinct unfolding rips, the first
with a ΔLc of ∼50 nm and the second with a ΔLc of ∼34 nm,
indicating that the CNB-B unfolded first followed by CNB-A (SI
Appendix, Fig. S4 A and B). Moreover, the distribution of
unfolding forces and the ΔLc upon unfolding of the CNB-B
domain in D149/S376 were indistinguishable from those seen
in the first rip in the Y120/S376 protein (SI Appendix, Fig. S5).
These results directly confirm that, in the presence of the cata-
lytic subunit and independent of unfolding pathways I and II, the
CNB-B domain unfolds first, followed by the CNB-A domain.

The Ensemble of the Inactive PKA Complex Comprises Tightly and
Loosely Bound Conformations. The presence of unfolding path-
ways I and II suggests a scenario in which the regulatory subunit
bound to the catalytic subunit is in equilibrium between two
conformations. An alternative scenario is that the two unfolding
pathways result from specific experimental conditions used in the
assay. For example, different unfolding pathways may result (i)
from having the regulatory subunit unbound (apo state) or
sometimes bound to the catalytic subunit (i.e., if the catalytic
subunit concentration is lower than the Kd of heterodimer for-
mation) a fraction of the time and (ii) from not allowing suffi-
cient time for the regulatory subunit to refold and rebind the
catalytic subunit before the next unfolding cycle.
To discriminate between these two scenarios, we titrated in-

creasing amounts of the catalytic subunit from 5 nM to 200 nM
and increased the refolding and rebinding time from 5 s to 20 s.
Fig. 2B shows that as we increased the concentration of the
catalytic subunit, the percentage of events displaying highly co-
operative unfolding rips (unfolding pathway I) increased in a
sigmoidal fashion resembling a ligand titration curve with a Kd of
∼40 nM. When the catalytic subunit concentration was ≥80 nM,
the percentage of events corresponding to unfolding pathway I
plateaued at ∼85%. The other ∼15% of events corresponded to
unfolding pathway II in which the CNB domains unfold in-
dependently of each other. The same percentages were observed
when the time to refold and rebind was increased from 10 s to
20 s using 100 nM of catalytic subunit (Fig. 2B, Inset). In contrast,
a decrease from 10 s to 5 s resulted in 43% unfolding pathway I,
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Fig. 2. Mechanical unfolding of the wild-type regulatory subunit. (A) Rep-
resentative force–extension curves for the mechanical unfolding of the regu-
latory subunit (residues 71–379) in the absence (Left) and presence (Right) of
the catalytic subunit. In the absence of the catalytic subunit, only one
unfolding pathway is observed with two rips. In the presence of the catalytic
subunit, two unfolding pathways, I and II, are observed that correspond to
different conformations of the regulatory subunit. (B) Titration of the catalytic
subunit increases the percentage of unfolding pathway I [labeled “% Tightly
Bound” (TB)]. Saturation occurs at 100 nM catalytic subunit. (Inset) The same
percentage of unfolding pathway I is observed at 100 nM catalytic subunit
with 10-s and 20-s refolding times at 1 pN. (C) Unfolding (Unf) and refolding
(Ref) force probability distributions for the CNB-A domain are shown for the
apo state and bound conformations (light and dark purple bars, respectively).
An increase in the unfolding force of 3 pN is observed in the presence of the
catalytic subunit. (Inset) Refolding force probability distribution in the pres-
ence of the catalytic subunit (white bars). (D) Folded-state lifetimes (τ0) as a
function of force for the CNB-A domain in the absence and presence of the
catalytic subunit (light and dark purple squares, respectively). White squares
show the unfolded-state lifetimes (τU) as a function of force for the CNB-A
domain in the presence of the catalytic subunit. (E) Unfolding and refolding
force probability distributions for the CNB-B domain in the apo state and
bound conformations (light and dark blue bars, respectively). The presence of
the catalytic subunit stabilizes the CNB-B domain by ∼6 pN. (Inset) Refolding
force probability distribution in the presence of the catalytic subunit. (F)
Folded-state lifetimes (τF) as a function of force for the CNB-B domain in the
absence and presence of the catalytic subunit (light and dark blue squares,
respectively). Light yellow squares show the unfolded-state lifetimes (τU) as a
function of force for the CNB-A domain in the presence of the catalytic sub-
unit. The lines in D and F correspond to the best fit of SI Appendix, Eq. S2, and
the lines in C and E correspond to the best fit of SI Appendix, Eq. S3 (SI Ap-
pendix, Section 1.7).
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35% unfolding pathway II, and 22% of events showing only one
domain refolding or no refolding at all.
Based on these results, we conclude that the two unfolding

pathways I and II are not due to specific experimental conditions
but reflect two conformational states of the inactive ensemble of
PKA. In unfolding pathway I the CNB domains unfold in a
highly cooperative fashion and at high forces, indicating that
both CNB domains are tightly bound to the catalytic subunit. In
contrast, in unfolding pathway II we observed the CNB domains
unfolding independently and at forces similar to those seen in
apo-unfolding trajectories, suggesting that the CNB domains are
loosely bound to the catalytic subunit.

The Energy Landscape Describes the Cooperative Behavior of the CNB
Domains Bound to the Catalytic Subunit. The data corresponding to
unfolding pathway I allowed us to dissect the thermodynamic
driving forces underlying the cooperative behavior of the CNB
domains tightly bound to the catalytic subunit. Specifically, we
transformed the unfolding force probability distributions of each
CNB domain into lifetimes as a function of force (24, 25) to
extract the folded state lifetime (τ0,F), distance to the transition
state (Δx‡F→U), and energy barrier (ΔG‡

F→U) at zero force (Fig. 2
C–F and Table 1).
For the CNB-A domain, τ0,F was larger and Δx‡F→U was longer

in the apo state than in the tightly bound conformation. For the
CNB-B domain in the apo state, τ0,F was shorter and Δx‡F→U was
longer than in the tightly bound conformation. Compared with
other folded proteins studied under force (17, 26–30), both CNB
domains in the apo state had an unusually large Δx‡F→U. A similar
Δx‡F→U was reported for apomyoglobin, a molten globule-like
protein that lacks well-packed tertiary interactions at low pH
(31). Thus, in the absence of the catalytic subunit the regulatory
subunit is compliant and deformable. In contrast, both CNB do-
mains bound to the catalytic subunit experienced a significant re-
duction in Δx‡F→U, suggesting that these domains become more
brittle, or less flexible, when they are bound to the catalytic subunit.
A similar analysis of the refolding force probability distribu-

tions in the presence of the catalytic subunit (Fig. 2 C and E,
Insets and SI Appendix, Fig. S6) enabled us to extract the un-
folded state lifetimes at zero force (τ0,U) and the distance to the
transition state for the refolding reaction (Δx‡U→F) (Fig. 2 D and
F). Both CNB domains exhibited similar τ0,U and Δx‡U→F when
tightly bound to the catalytic subunit: The CNB-A domain had a
τ0,U = 2.0 × 10−5 s and a Δx‡U→F = 8.6 nm, whereas the CNB-B
domain had a τ0,U = 4.0 × 10–5 s and a Δx‡U→F = 8.2 nm.
Having obtained the lifetimes of the folded and unfolded states at

zero force, we estimated the equilibrium free energy of unfolding for
each CNB domain bound to the catalytic subunit using ΔG0

bound =
–RT·ln[τ0,U/τ0,F], where RT = 0.592 kcal/mol. We obtained
ΔG0

bound = 12.9 kcal/mol for the CNB-A domain and ΔG0
bound =

12.1 kcal/mol for the CNB-B domain. Since refolding transitions of
the CNB domains were rarely detected in the absence of the cata-
lytic subunit, we performed bulk urea denaturation experiments
monitored by CD (SI Appendix, Fig. S7 A–D) and tryptophan fluo-
rescence (SI Appendix, Fig. S7 E–H) to estimate the unfolding free
energy of each CNB domain in the apo state (ΔG0

apo). We obtained
a ΔG0

apo value of ∼5.8 kcal/mol for the CNB domains using CD,
which reflects the global stability of the secondary structures of the
domains. The stability values were slightly lower when monitored by
changes in tryptophan fluorescence. These results indicate that the
local environment surrounding the tryptophan residues is less stable
than the global fold of the protein (SI Appendix, Table S1). In-
dependent of the technique used to measure the stability of the CNB
domains in the apo state, there is a substantial thermodynamic sta-
bilization effect (8.5–10 kcal/mol) of the CNB domains when they
are tightly interacting with the catalytic subunit. This stabilization
or coupling energy provides a thermodynamic foundation for the
cooperative unfolding behavior of the two CNB domains.
Another important difference between the apo state and the

tightly bound conformation is reflected in the height of the energy
barrier, ΔG‡

F→U. Unfolding the CNB-A domain in the apo state
required a ΔG‡

F→U = 36.6 kBT [where the Boltzmann constant
(kB) at 298 K (T) is equal to 4.114 pN × nm], whereas when bound
to the catalytic subunit it required a ΔG‡

F→U = 18.4 kBT. The
opposite trend is observed for the CNB-B domain, requiring a
ΔG‡

F→U = 20.9 kBT in the apo state and 33.7 kBT when bound to
the catalytic subunit (Table 1). Interestingly, while the CNB do-
mains unfold following the same reaction order in our experi-
ments, the protein has very different underlying energy landscapes
in the presence versus the absence of the catalytic subunit. This
difference is reflected by the change in ΔG‡

F→U and represents a
direct measurement of an energetic switch mechanism for a
protein-signaling complex, and likely reflects the directionality of
the observed functional cooperativity from the CNB-B domain to
the CNB-A (B-to-A direction) in the PKA complex (8, 9).

A Single Mutation Breaks the Folding Cooperativity Between the CNB
Domains Bound to the Catalytic Subunit. The strong folding coop-
erativity observed in the B-to-A direction predicts that, when
bound to the catalytic subunit, an energetic perturbation in the
CNB-B domain will propagate to the CNB-A domain. To test
this prediction, we made the mutation R333K in the cAMP-
binding pocket of the CNB-B domain and evaluated its long-
range effect on the mechanical stability of the CNB-A domain as
well as its effect on the folding cooperativity between CNB do-
mains. Previous studies have shown that this mutation does not
affect the affinity for the catalytic subunit (7, 9), but it destabi-
lizes the regulatory subunit in the cAMP-bound state (32) and
increases both the Kd for cAMP binding and the Ka for cAMP-
mediated activation of PKA (9). However, the mechanism by

Table 1. Kinetic and thermodynamic parameters for each CNB domain in the PKA regulatory subunit

Wild-type Apo Wild-type bound R333K bound

Parameters CNB-A CNB-B CNB-A CNB-B CNB-A CNB-B

Fmean, pN 10.5 ± 0.06 9.1 ± 0.06 13.6 ± 0.04 15.2 ± 0.04 10.5 ± 0.04 11.5 ± 0.04
τ0,F, s 6.0 ± 0.4 × 105 1.0 ± 0.2 × 104 1.0 ± 0.1 × 104 4.6 ± 0.1 × 104 2.8 ± 1.0 × 104 5.0 ± 0.3 × 104

Δx‡F→U, nm 6.4 ± 0.1 6.0 ± 0.1 4.2 ± 0.1 3.7 ± 0.1 5.8 ± 0.2 6.7 ± 0.1
τ0,U, s N.d. N.d. 2.0 ± 0.9 × 10−5 4.0 ± 1.3 × 10−5 N.d. 2.0 ± 1.0 × 10−4

Δx‡U→F, nm N.d. N.d. 8.6 ± 0.4 8.2 ± 0.4 N.d. 7.0 ± 0.4
ΔG‡

F→U, kBT 36.6 ± 1.6 20.9 ± 1.4 18.4 ± 2.9 33.7 ± 0.6 20.5 ± 2.2 23.9 ± 0.4
ΔG0, kcal/mol 5.8 ± 0.7* 5.7 ± 2.9* 11.9 12.4 N.d. 11.0

3.8 ± 0.3† 2.8 ± 1.0†

N.d., not determined.
*CD unfolding data.
†Tryptophan fluorescence unfolding data.
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which a mutational perturbation propagates from one CNB do-
main to another in the PKA complex remains unknown.
The R333K mutant protein in the apo state had severe folding

defects. In the force–extension curve shown in Fig. 3A, Left, only
one fully folded domain is observed in the apo state (measured
ΔLc = 44 nm, n = 302), which likely corresponds to the CNB-A
domain. In contrast, in the presence of the catalytic subunit the
R333K mutant protein showed complete folding of both CNB
domains with a high probability of refolding (∼73%) (Fig. 3A,
Right), which is in agreement with and corroborates the role of
the catalytic subunit in assisting the refolding process seen for
the wild-type regulatory subunit. Similar to the wild-type protein,

the R333K mutant protein displayed a highly cooperative un-
folding pathway (unfolding pathway I) and an apo-like unfolding
pathway (unfolding pathway II). However, there were important
differences between the wild-type protein and the R333K mutant
protein. First, a decrease in the percentage of cooperative
unfolding pathway (from 85 to 67%) and an increase in the apo-
like unfolding pathway (from 15 to 33%) was observed in the
R333K mutant protein (Fig. 3A). Second, the unfolding force
probability distribution of the mutant CNB-B domain showed
lower unfolding forces than in the wild-type protein (∼11.5 pN
and ∼15.2 pN, respectively) (Fig. 3B). Unexpectedly, we also
measured a lower mean unfolding force for the CNB-A domain in
the mutant relative to the wild-type protein (∼10.5 pN and ∼13.6 pN,
respectively) (Fig. 3D), a result that directly measures the long-
range destabilizing effect of the mutation in the CNB-B domain.
We extracted τ0,F, Δx

‡
F→U, and ΔG‡

F→U from the unfolding
force probability distributions of each CNB domain in the
R333K mutant protein and compared the values with those
obtained for the wild-type protein (Fig. 3 C and E and Table 1).
For both CNB domains, there were no significant differences
in τ0,F between the mutant and wild-type proteins. However,
Δx‡F→U was significantly longer for the R333K mutant protein.
A longer Δx‡F→U indicates that the mutant protein exists in a
molten globule-like conformation even when it is bound to the
catalytic subunit. Analysis of refolding force distributions was
possible only for the CNB-B domain, allowing us to determine τ0,U
and Δx‡U→F (Table 1) and ΔG0

bound = 11 kcal/mol. As seen for the
wild-type protein, the stability of the mutant CNB-B domain due
to interactions with the catalytic subunit is ∼8.5 kcal/mol higher
than the value obtained for the apo state from bulk measurements
(SI Appendix, Table S1).
The analysis of the unfolding-energy barrier (ΔG‡

F→U) pro-
vides deeper insight into the cooperative effect of the mutational
perturbation and long-range communication in the B-to-A di-
rection. For the CNB-A domain, a ΔG‡

F→U of 20.5 kBT is
obtained for the R333K mutant versus 18.4 kBT for the wild-type
protein. A ΔG‡

F→U = 23.9 kBT is observed for mutant CNB-B
domain versus 33.7 kBT for the wild-type protein. The difference
of 3 kBT between the two CNB domains in the R333K mutant
versus 15.3 kBT in the wild-type protein shows that the two CNB
domains in the mutant regulatory subunit have been significantly
decoupled, but residual cooperativity still exists between them.
These results show that the cooperativity between the two CNB
domains in the PKA complex is robust and likely involves mul-
tiple residues or structural elements in the regulatory subunit.

Discussion
Accessing Microstates in the PKA Inactive State Ensemble. The CNB
domains bound to the catalytic subunit displayed complex be-
havior, unfolding in two clearly distinct pathways. The pre-
dominant pathway (unfolding pathway I) shows that the two
CNB domains are very stable and tightly coupled, unfolding
nearly simultaneously, whereas the minor pathway (unfolding
pathway II) resembles the apo state in which the CNB domains
unfold sequentially and independently of each other. While the
optical tweezers experiment directly and selectively probes the
regulatory subunit, it is possible that the two unfolding pathways
identified in this study may be influenced by dynamic fluctua-
tions of the catalytic subunit (33).
The observation that the CNB domains unfold in two path-

ways likely represents two distinct conformations of the wild-type
PKA inactive state ensemble (Fig. 4, green box). We find, in
addition, that the R333K mutation promoted a greater pop-
ulation of loosely bound conformations (Fig. 4, tan box). In fact,
no residual kinase activity of the catalytic subunit bound to the
regulatory subunit cross-linked to DNA handles was detected in
the absence of cAMP, indicating that complete inhibition is
achieved independently of the inactive conformational state of

F
o

rc
e 

(p
N

)
P

ro
b

ab
ili

ty

0.6
0.5
0.4

0.3

0.2

0.1
0

0.6
0.5
0.4

0.3

0.2

0.1
0

Force (pN)
0 5 2010 15

L
if

et
im

e 
(s

)

P
ro

b
ab

ili
ty 0.4

0.2
0

Force (pN)
2 6 84

Trap Position (nm)

100 nm

+C

-C

CNB-B

R333K Unf
R333K Ref

WT Unf

CNB-A
WT Unf
R333K Unf

0

5

10

15 (I)67% (II)33%

CNB-B
R333K τF

R333K τU

WT τF

WT τU

106

10-6

0

104

102

10-2

10-4

Force (pN)
0 5 2010 15

CNB-A
WT τF
R333K τF

106

10-6

0

104

102

10-2

10-4

Unf
ol

di
ng

Ref
ol

di
ng A

B

A
B

A

B C

D E

Fig. 3. Mechanical unfolding of the R333K regulatory subunit. (A) Represen-
tative force–extension curves for the mechanical unfolding of the R333K mu-
tant regulatory subunit in the absence and presence of the catalytic subunit. In
the absence of the catalytic subunit, or apo state, we observed two unfolding
rips at 5 pN and 13 pN. The rip occurring at 13 pN has a change in extension
that is comparable to the CNB-A domain. In contrast, the rip seen at 5 pN has a
much lower extension change than that of the CNB-B domain, indicating that
this mutant protein in the apo state is partially folded. Incubation with the
catalytic subunit facilitates and recovers the correct folding of the R333K mu-
tant regulatory subunit. Unfolding occurs in two unfolding pathways, I and II, a
behavior similar to the wild-type construct. (B) Unfolding (Unf) force proba-
bility distributions for the R333K mutant and wild-type CNB-B domain bound
to the catalytic subunit (dark red and dark blue bars, respectively). (Inset)
Refolding (Ref) force probability distribution of the R333K mutant CNB-B do-
main in the presence of the catalytic subunit (light orange bars). (C) Lifetimes
(τ0) as a function of force for the CNB-B domain in the presence of the catalytic
subunit. Light orange and dark red spheres correspond to unfolded (τU) and
folded-state (τF) lifetimes for the R333K mutant. Light yellow and dark blue
squares correspond to unfolded and folded state lifetimes for the wild-type
protein. (D) Unfolding (Unf) force probability distributions for the R333K mu-
tant and wild-type CNB-A domain bound to the catalytic subunit (light brown
and dark purple bars, respectively). No refolding transitions were observed for
the R333K mutant CNB-A domain in the presence of the catalytic subunit. (E)
Folded-state lifetimes (τF) as a function of force for the R333Kmutant and wild-
type CNB-A domain in the absence and presence of the catalytic subunit (light
brown spheres and dark purple squares, respectively). The lines in C and E
correspond to the best fit of SI Appendix, Eq. S2, and the lines in B and D
correspond to the best fit of SI Appendix, Eq. S3 (SI Appendix, Section 1.7).
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the PKA heterodimer (SI Appendix, Fig. S1). This result indi-
cates that in both inactive conformations, reflected by unfolding
pathways I and II, the regulatory subunit remains tethered to the
catalytic subunit active site through the inhibitory sequence motif
(34, 35). Therefore, in the predominant conformation reflected
by unfolding pathway I, the inhibition of kinase activity involves
interactions with the inhibitory sequence and surface interactions
between the regulatory and catalytic subunits, i.e., a tightly
bound conformation. In contrast, we propose that in the inactive
conformation reflected in unfolding pathway II kinase inhibition
is largely mediated by the inhibitory sequence without strong
surface interactions between the regulatory and catalytic sub-
units, i.e., a loosely bound conformation. This partial dissociation
of the PKA complex has been observed in bulk studies (35–37),
but future experiments will be required to further characterize
this secondary unfolding pathway.
The structural origin for a tightly and a loosely bound confor-

mation may arise from the dynamics associated with the α-helix,
the B/C helix, that connects the two CNB domains in the regu-
latory subunit (21, 36, 38). As seen in the PKA structure (Fig. 1B)

(4), the extended conformation of the B/C helix facilitates multiple
points of interaction between the regulatory and catalytic subunits.
These points of interaction include the B/C helix itself, the flexible
linker domain, and the two CNB domains. Therefore, the tightly
bound conformation identified in this study may correspond to the
regulatory subunit with the B/C helix in an extended conformation
that has been previously observed in bulk studies (21).
In contrast, the loosely bound conformation suggests fewer

interaction points between the regulatory and catalytic subunits.
A recent study using molecular dynamic simulations has pro-
posed that the regulatory subunit samples a flipback conforma-
tion (39) in which the B/C helix bends at residue G235 and the
CNB-B domain decreases its surface interaction with the cata-
lytic subunit. Because our results show very strong cooperativity
between the two CNB domains, it is possible that breaking the
interaction between the catalytic subunit and the CNB-B domain
will lower the interaction energy with the CNB-A domain as well.
Thus, the loosely bound conformation identified in this study
may correspond to a regulatory subunit with a bent B/C helix as
reported in the flipback conformation (33).

Fig. 4. A switch in the folding-energy landscape of the CNB domains controls the activation of PKA. (Upper) An ensemble is observed for the PKA complex in
the inactive state (green box), in which the CNB-B domain exists in a tightly and a loosely bound conformation. The R333K mutation shifts the inactive
ensemble toward a greater fraction of the loosely bound conformation (tan box). In the unfolding pathway, the CNB-B domain unfolds first because a greater
degree of surface contacts exists between the CNB-A domain and the catalytic subunit via the N3A motif (shown in teal) and the αB/C helix (shown in maroon).
The unfolding of the CNB-B domain results in the loss of the Arg241(R):Asp267(R):Arg194(C) salt bridge (Enlarged View) (41), which exposes a weaker unfolding
point, or Achilles heel unfolding point, and the fast dissociation of the CNB-A domain from the catalytic subunit. (Lower) This cooperative unfolding pathway
is also observed in the energetics of the unfolding free-energy landscape. In the absence of the catalytic subunit (apo state, red trace), a lower energy barrier
is required to unfold the CNB-B domain (21 kBT) than the CNB-A domain (37 kBT). In contrast, in the tightly bound conformation (blue trace) a higher energy
barrier is required to unfold the CNB-B domain (34 kBT) than the CNB-A domain (18 kBT). This change in energy barriers results in highly cooperative unfolding
behavior between the two CNB domains bound to the catalytic subunit. A destabilizing mutation in the CNB-B domain (R333K, dashed green trace) partially
decouples the cooperativity between the two CNB domains bound to the catalytic subunit. The energy difference in the folded state (XNative) is not to scale to
better distinguish the differences between the energy barriers for the apo, wild-type, and R333K protein constructs.
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Structural Origin for the Cooperative Unfolding Mechanism of the
Regulatory Subunit Bound to the Catalytic Subunit. Although the
unfolding order of the CNB domains is the same in the presence
and absence of the catalytic subunit, the sequence of events
emerges from very different underlying energy landscapes.
In the apo state, the CNB domains behave as two independent,

noninteracting structural elements, of which the CNB-B domain is
the mechanically weaker domain, unfolding almost exclusively be-
fore the CNB-A domain. The strong bias in the order of unfolding
events is not apparent from the small difference in unfolding force
between the two CNB domains (Fig. 2). Instead, the underlying
energy-landscape parameters (τ0,F, Δx

‡
F→U, ΔG

‡
F→U) of the two

domains, which result in very narrow unfolding force distributions,
dictate the observed unfolding reaction order. We use Monte Carlo
simulations to show that the energy–landscape parameters of each
individual CNB domain fully recapitulate our experimental obser-
vations obtained with the regulatory subunit (SI Appendix, Fig. S3).
In contrast, in the presence of the catalytic subunit, the CNB

domains unfold nearly simultaneously and in a cooperative fash-
ion, which arises from intersubunit coupling interactions. This
cooperativity between domains can be rationalized by the contacts
between amino acid residues in the regulatory and catalytic sub-
units. In the PKA complex, the CNB-A domain has the greatest
degree of surface contacts with the catalytic subunit via its N3A
motif, the cAMP-binding pocket, and the flexible linker. A surface
analysis of the PKA complex (4) shows that the N3A motif con-
tributes 56% of the surface contacts between the CNB-A domain
and the catalytic subunit. Additionally, the B/C helix that connects
the two CNB domains contributes 26% of the total surface con-
tacts with the catalytic subunit. In contrast, fewer contact points
exist between the CNB-B domain and the catalytic subunit (Fig. 4,
enlarged Inset), which occur mainly via a set of hydrogen bonds
and electrostatic interactions between Arg241(R):Asp267(R):Arg194(C)

and a hydrophobic stack between Trp260(R):Lys285(C):Asn283(C)

(the superscript denotes the PKA subunit) (4). These contact
points have been shown to be critical for the stability of the PKA
complex; i.e., mutations in these residues facilitate the dissocia-
tion of the regulatory subunit from the catalytic subunit (40).
From our studies, we propose that a mechanical force breaks

the contact points between residues in the CNB-B domain and the
catalytic subunit and facilities the fast dissociation and unfolding
of the CNB-A domain as shown in the schematic in Fig. 4. When
unfolding the regulatory subunit, the CNB-B domain unfolds first
because it has fewer surface contacts with the catalytic subunit
than the CNB-A domain (18% and 42%, respectively), making the
CNB-B domain the weaker of the two domains. The unfolding of
CNB-B results in the loss of the Arg241(R):Asp267(R):Arg194(C)

salt bridge and the Trp260(R):Lys285(C):Asn283(C) hydrophobic
patch (4, 41), creating a new, weaker unfolding point, an Achilles
heel that results in the fast dissociation of the CNB-A domain
from the catalytic subunit (Fig. 4, Upper Center). This Achilles heel
point may be linked to the cAMP-mediated activation of the PKA
complex. In our studies, the mechanical unfolding of the CNB-B
gains access to a lower unfolding-energy barrier for the fast dis-
sociation of the PKA complex. This may be the foundation by
which cAMP binding to the CNB-B domain triggers the fast re-
lease of the active catalytic subunit.

An Energetic Switch Mechanism Controls the Activation of PKA. Previous
biochemical studies have shown that the cAMP-dependent acti-
vation of the PKA complex is sequential and cooperative, wherein
binding of a first cAMP molecule to the CNB-B domain allows the
binding of a second cAMP molecule to the CNB-A domain (8, 9).
The gatekeeper role that the CNB-B domain plays in the activa-
tion pathway of PKA has been well established experimentally (4,
42, 43) and serves as a prototype example to study the thermo-
dynamic driving forces underlying signal transduction between
signaling modules, such as CNB domains.

Here, we discuss the differences in energy landscapes between
the apo and bound states and their role in the mechanism of ac-
tivation of PKA. Having determined the energy barriers (ΔG‡

F→U)
and the unfolding reaction order of the CNB domains, we con-
structed an energy landscape of the regulatory subunit in the apo
state and in the tightly bound conformation with the catalytic
subunit (Fig. 4). Interestingly, while the unfolding reaction order
of the apo state and the tightly bound conformation are the same
(i.e., the CNB-B domain always unfolds first), the energy barriers
underlying these two unfolding pathways are very different. For
the CNB-B domain, a significantly higher energy barrier from
20.9 kBT in the apo state to 33.5 kBT in the tightly bound con-
formation is observed (ΔΔG‡

F→U = 12.6 kBT), whereas a lower
energy barrier is observed for the CNB-A domain when bound to
the catalytic subunit compared with the apo state (ΔΔG‡

F→U =
18.2 kBT). This switch in energy barriers triggered by the catalytic
subunit results in strong cooperative interactions between the
CNB domains in the B-to-A direction and provides a thermody-
namic basis for the gatekeeper function of the CNB-B domain,
i.e., an energetic perturbation in the CNB-B domain (mutation or
ligand binding) will propagate efficiently to the CNB-A domain.
In fact, the R333K mutation shows that the unfolding forces

are lower for both CNB domains compared with the wild-type
regulatory subunit, despite the mutation being localized in the
CNB-B domain. This result clearly shows that the destabilizing
mutational effect of R333K was transduced in the B-to-A di-
rection. In agreement with this result, analysis of the energy
barriers reveals that both CNB domains remain coupled in the B-
to-A direction but to a significantly lower degree than with the
wild-type regulatory subunit (Fig. 4, dashed green line). It is
possible that the larger cAMP concentration required to activate
the PKA complex harboring R333K is due not only to a lower
affinity between cAMP and the binding pocket of the mutant
CNB-B domain but also to the two CNB domains being ther-
modynamically almost decoupled. As a consequence, the ob-
served lack of functional cooperativity in the activation of a PKA
heterotetramer harboring the R333K mutations (9) results from
two mechanisms: ligand-binding defects and the inability of the
CNB-B domain to efficiently transduce the cAMP-binding signal
to the CNB-A domain. It is possible that disease mutations in the
PKA-RIα that generate gain of function or loss of function are a
consequence of an increase or decrease in the degree of ther-
modynamic coupling between the CNB domains (5, 41).

Conclusion
In this study, we developed a single-molecule mechanical assay
based on optical tweezers to study the folding cooperativity of the
CNB domains of PKA in the apo state or bound to the catalytic
subunit. This approach directly interrogates the thermodynamic
driving forces that enable PKA to be an effective molecular switch
that transduces cAMP-binding signals from one CNB domain to
another to release active catalytic subunits. Future studies will
involve investigating the communication mechanisms between
CNB domains across the PKA heterotetramer as well as the roles
of ATP, Mg2+, and the inhibitory sequence on the cooperative
behavior of the CNB domains. Our approach should be readily
applicable to address these fundamental questions in PKA as well
as in other kinases such as PKG or PKC that share a similar
structural organization.

Materials and Methods
Regulatory Subunit (RIα 71–379) Mutagenesis, Expression, and Purification. The
Bos taurus regulatory subunit PRSET plasmid was expressed and purified using
previously published established protocols (38). Briefly, all regulatory subunit
constructs were expressed in BL21(DE3) pLysS-competent cells overnight at
18 °C with 1 mM isopropyl β-D-1-thiogalactopyranoside (IPTG). Cells were lysed
in lysis buffer (20 mMMES, 100 mMNaCl, 2 mM EGTA, 2 mM EDTA, 5 mMDTT,
pH 6.5), and the spun supernatant was precipitated with 45% ammonium
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sulfate before binding to a homemade cAMP-coupled agarose resin. The
protein was eluted from the resin with cGMP and was run on a size-exclusion
column before attachment of the DNA handles (SI Appendix, Section 1.1).

Catalytic Subunit Expression and Purification. The catalytic subunit was expressed
in Escherichia coli Rosetta (DE3)-competent cells overnight at 18 °C with 0.5 mM
IPTG. The cells were lysed in lysis buffer (20 mM imidazole, 30 mM MES 50 mM
KCl, 1 mM EDTA, and 5 mM DTT, pH 6.5), and the catalytic subunit was isolated
using nickel agarose resin (SI Appendix, Section 1.2).

Attachment of DNA Handles. DNA handles were attached to the regulatory
subunit using the protocol published by Hao et al. (44) to form the DNA–
protein chimera. Before the 350-bp DNA handles were ligated with digox-
igenin and biotin modification, the DNA–protein chimera was subjected to
additional purification with a homemade cAMP-coupled agarose resin to
select for functional molecules (SI Appendix, Section 1.4).

Kinase Activity Assay. The DNA–protein chimera was incubated with the
catalytic subunit in PKA buffer (10 mM MOPS, 50 m NaCl, 1 mM MgCl2,
0.2 mM ATP, pH 7.0) for 5 min on ice. Kinase inhibition or activity was tested
using the PepTag Non-Radioactive Protein Kinase Assay Kit (Promega). The
DNA–protein chimera and the catalytic subunit were incubated with the
fluorescent Kemptide substrate in the absence and presence of cAMP.
The samples were loaded onto a 0.8% agarose gel and separated by gel
electrophoresis (SI Appendix, Section 1.5 and Fig. S1).

Optical Tweezers Assay. The microfluidic chamber was equilibrated with
100 nM of freshly filtered (0.2-μm pore size) catalytic subunit in PKA buffer.
The DNA–protein chimera was incubated with the catalytic subunit (100 nM)
for 5 min before incubation with anti-digoxigenin (AD) beads for 30 min.
After incubation, the DNA–protein and AD bead mixture was diluted with
1 mL of PKA buffer (1:1,000 dilution) before injection into the microfluidic
chamber. The regulatory subunit with DNA handles was tethered between
two polystyrene beads, and the formation of the PKA complex was moni-
tored by an increase in the force and the observed cooperative unfolding
pathway (SI Appendix, Section 1.6). For the catalytic subunit titration, ∼100–
400 traces were collected from three to six different molecules for each
protein concentration.

CD and Fluorescence Unfolding Experiments. Bulk urea unfolding experiments
were monitored by changes in CD and tryptophan fluorescence signals using
the protocols shown by Herberg et al. (9) (SI Appendix, Section 1.7).
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